Background 14
5
First, previous work on the effects of sleep has tended to focus on either the pathological 75 extremes of sleep problems [17] , leaving open the question whether these findings generalise to 76 how non-pathological differences in sleep quality affect health outcomes in non-clinical samples. 77 Second, smaller studies often focus on specific health measures such as metabolism [18] or 78 cognition [19] . By instead studying a range of health outcomes in the same population, we can 79 compare and contrast the effect of sleep quality on multiple health domains in the same individuals. 80
Finally, previous studies, especially neuroimaging samples, have relied on relatively small sample 81 sizes [19, 20 ] , although see [22] . 82
Small samples both limit statistical power and the extent to which optimal statistical 83 methodology can be employed. The large sample size in the current study allows us to use advanced 84 analytic techniques such as latent class analysis to examine whether sleep quality can be described 85 not just as a continuum, but in terms of a discrete set of sleep profiles across individuals. Moreover, 86 the large sample size allows us to use Bayesian statistics to quantify both the presence and absence 87 of associations between sleep quality and health. Together, this suggests considerable value in 88 assessing the relationship between self-reported sleep quality and health outcomes in a large, 89 population-based, age-heterogeneous sample. 90
Methods

7
Component 7: Daytime Dysfunction. Uses two questions to assess the extent and frequency 125 to which lack of sleep impacts on daily activities, ranging from 'No problem at all' (0) to 'A very big 126 problem'/'Three or more times a week' (3) . 127
These component scores are summed to a PSQI Total score ranging between 0 and 21, with 128 higher scores reflecting poorer sleep quality. 129
Health Measures 130
Many conceptualisations of healthy ageing exist [25] . Here we aim to capture the 131 relationship between sleep and health across a broad range of variables in four key domains -132 cognitive, brain, physical and mental health across the lifespan. We describe these four health 133 domains and variables below, and Table 1 executive functions (e.g. Regestein et al., 2004 ) and learning and memory processes [27] , whereas 138 short term pharmaceutical interventions such as administration of melatonin improve both sleep 139 quality and cognitive performance . Scullin & Bliwise (2015, p. 97) conclude that "maintaining good 140 sleep quality, at least in young adulthood and middle age, promotes better cognitive functioning and 141 serves to protect against age-related cognitive declines". Because sleep may affect various aspects 142 of cognition differently [19] , we include measures that cover a range of cognitive domains including 143 memory, reasoning, response speed, and verbal fluency, as well as including a measure of general 144 cognition. See Table 1 and [10] for more details. 145
Neural health. Previous research suggests that individuals with a severe disruption of sleep 146 are significantly more likely to exhibit signs of poor neural health [20, 29] . Specifically, previous 147 studies have observed decreased white matter health in clinical populations suffering from 148 conditions such as chronic insomnia [17] , obstructive sleep apnoea [30, 31] , excessively long sleep in 149 patients with diabetes [32] , and REM Sleep Behaviour Disorder [33] . Many of these studies focus on 150 8 white matter hyperintensities (WMH), a measure of the total volume or number of low-level neural 151 pathological regions (although some study grey matter, e.g. [20, 34, 35] ). White matter 152 hyperintensities are often used as a clinical marker, as longitudinal increases in WMHs are 153 associated with increased risk of stroke, dementia and death [36] and are more prevalent in patients 154
with pathological sleep problems [31, 32] . However, use of this metric in clinical cohorts largely 155 leaves open the question of the impact of sleep quality on neural (white matter) health in non-156 clinical, healthy populations. To address this question, we use a more general indicator of white 157 matter neural health, namely Fractional Anisotropy (FA). Fractional anisotropy quantifies the 158 directional coherence of the diffusion of water molecules, and is associated with white matter 159 integrity and myelination (see [37, 38] for further discussion regarding white matter measures). We 160 use FA as recent evidence [39] suggests that WMHs represent the extremes (foci) of white matter 161 damage, and that FA is able to capture the full continuum of white matter integrity. This suggests 162 that using fractional anisotropy provides a sensitive marker of neural health suitable for large, non-163 clinical healthy cohorts. 164
Physical health. Sleep quality is also an important marker for physical health, with poorer 165 sleep being associated with conditions such as obesity, diabetes mellitus [18] , overall health [8, 22] 166 and increased all-cause mortality [40] . These associations have been observed in both directions, 167 such that longer sleep was associated with greater risk of stroke [41] . We focus on a set of variables 168 that capture three types of health domains commonly associated with poor sleep: Cardiovascular 169 health measured by pulse, systolic and diastolic blood pressure [42] , self-reported health, both in 170 general and for the past 12 months, (e.g. Strine & Chapman, 2005 ) and body-mass index (e.g. Taheri,  171 Lin, Austin, Young, & Mignot, 2004) . 172
Mental health. Previous work has found that disruptions of sleep quality are a central 173 symptom of forms of psychopathology such as Major Depressive Disorder, including both 174 hypersomnia and insomnia [22, 45] , and episodes of insomnia earlier greatly increased the risk of 175 later episodes of major depression [46] . Kaneita et al., (2006) found a U-shaped association between 176 9 sleep and depression, such that individuals regularly sleeping less than 6, or more than 8, hours were 177 more likely to be depressed. A prospective study by Roberts et al., (2000) in an ageing population 178 showed a strong association between depression and sleep problems. At the other end of the 179 lifespan, [48] found that in late adolescence and early adulthood people self-reporting a diagnosis of 180 insomnia were more likely to report mental health symptoms and have lower working memory 181 capacity. Both depression (e.g. Fried & Nesse, 2015) and anxiety [50, 51] Jeffreys [59] proposed a categorisation of Bayes Factors as seen in Figure 1 : 
Results
Age-related differences in sleep quality
First, we examined sleep changes across the lifespan by examining age-related differences in the PSQI sum score (N= 2178, M=5.16, SD=3. 35, . Regressing the PSQI global score on age, shown in Figure 2 , showed evidence for a positive relationship across the lifespan (logBF10= 10.45).
This suggests that on the whole, sleep quality decreases across the lifespan (note that higher PSQI scores correspond to worse sleep). Although this amounts to strong statistical evidence for an age-related difference ('Extreme' according to Jeffreys, (1961) , the effect was modest in size, with age explaining 1.23 % of the variance in the PSQI Total score. Next, we examined which subcomponents were driving this effect, regressing each of the seven components on age in the same manner. We visualise these results using a tile plot [62] , as shown in Figure 3 . Each cell shows the numeric effect size (R-squared, 0-100) of the bivariate association between a sleep component and a health outcome, colour coded by the statistical evidence for a relationship using the Bayes Factor. If the parameter estimate of the . CC-BY 4.0 International license not peer-reviewed) is the author/funder. It is made available under a The copyright holder for this preprint (which was . http://dx.doi.org/10.1101/060145 doi: bioRxiv preprint first posted online Jun. 22, 2016; regression is positive, the r-squared value has the symbol '+' added (note that this may mean sleep quality is associated with 'better' or 'worse' outcomes depending on the nature of the variable, cf. Table 1 ). In Figure 3 we see that that age has varying and specific effects on different aspects of sleep quality. In line with the overall age-related worsening of the PSQI Total score, four components showed a worsening of sleep quality across the lifespan (Total, Duration, Efficiency, Daytime Dysfunction and Sleep Medication). The strongest age-related decline is that of Efficiency, showing an R-squared of 6.6%. The copyright holder for this preprint (which was . http://dx.doi.org/10.1101/060145 doi: bioRxiv preprint first posted online Jun. 22, 2016; 16 explained 13.41% of the variance in age, compared to 1.23% for the PSQI Total score, and 6.4% for the strongest single component. This shows that lifespan changes in self-reported sleep are heterogeneous and partially independent, and that specific patterns and components need to be taken into account simultaneously to fully understand age-related differences in sleep quality.
These finding shows that neither the PSQI sum score nor the sleep components in isolation fully capture differences in sleep quality across the lifespan. To better elucidate individual differences in sleep quality we next use Latent Class Analysis [63] . This technique will allow us examine individual differences in sleep quality across the lifespan in more detail than afforded by We fit a series of Latent Class solutions varying from 2 to 6 sleep types, including age as a covariate (simultaneously including a covariate is known as latent class regression or concomitant-variable latent class models [64] . We repeated each class solution 50 times with a maximum of 5000 iterations to ensure that the model fit was not affected by local minima of the log-likelihood. We found that the four class solution gives the best solution, according to the Bayesian Information Criterion [65] (BIC for 4 Classes = 11825.65, lowest BIC for other solutions= 11884.92 (5 classes).
Next we inspected the nature of the sleep types, the prevalence of each 'sleep type' in the population, and whether the likelihood of belonging to a certain sleep type changes across the lifespan. Figure 4a shows the component profile for the four sleep types we identified.
Class 1, which we refer to as 'Good sleepers', make up 68.1% of participants. Their sleep profile is shown in Figure 4A , top left, and is characterised by a low probability of responding 'poor' to any of the sleep components. Class 2, 'inefficient sleepers', make up 14.01% of the participants, 22, 2016; and are characterized by poor sleep Efficiency: Members of this group uniformly (100%) report poor sleep Efficiency, despite relatively low prevalence of other sleep problems, as seen in Figure 4A , top right. Class 3, seen in the bottom left of Figure 4a , makes up 9.28% of the participants and can be described as 'Delayed sleepers': They are characterized by modestly poor sleep across the board, but a relatively high probability of poor scores on Sleep Latency (59%), Sleep Quality (51%) and sleep Disturbance (31%). Finally, Class 4, 'Poor sleepers', make up 8.5% of the participants, shown bottom right in Figure 4A . Their responses to any of the seven sleep components are likely to be 'poor' or 'very poor', almost universally so for 'sleep quality' (94%) and 'Sleep Efficiency' (97.7%).
Next, we examined whether age predicts the likelihood of belonging to any particular class using latent class regression. This analysis, visualised in Figure 4b , shows that the probability of 
Sleep, health domains and age
The above analyses show how both a summary measure and individual measures of sleep quality change across the lifespan. Next, we examined the relationships between sleep quality measures (seven components and the global PSQI score) and health variables (specific variables across four domains, as shown in Table 1 ). We will focus on three questions within each health domain: First, is there a relationship between sleep quality and health? Second, does the strength and nature of this relationship change when age is included as a covariate? Third, does the strength and nature of the relationship change across the lifespan? We will examine these questions across each of the four health domains.
Cognitive health
First, we examined the relationships between sleep quality and seven measures of cognitive health (see Table 1 for details). As can be seen in Figure 5 Two patterns emerged: First, the strongest predictor across the simple and multiple regressions was for the PSQI Total score. Tentatively this suggests that a cumulative index of sleep problems, rather than any specific pattern of poor sleep, is the biggest risk factor for poorer cognitive performance. Secondly, after controlling for age, the most strongly affected cognitive measure is phonemic fluency, the ability to generate name as many different words as possible starting with a given letter within a minute. Verbal fluency is commonly used as a neuropsychological test (e.g. Miller, 1984) .
Previous work suggests it depends on both the ability to cluster (generating words within a semantic cluster) and to switch (switching between categories), and is especially vulnerable to frontal lobe damage Although modest in size, our findings suggests this task, dependent on multiple executive processes, is particularly affected by poor sleep quality [68] . The second strongest association was .
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The copyright holder for this preprint (which was . http://dx.doi.org/10.1101/060145 doi: bioRxiv preprint first posted online Jun. 22, 2016; 20 with the ACE-R, a general cognitive test battery similar in style and content to the MMSE. The associations with cognition were slightly attenuated when age was included as a covariate (Supplementary Figure A) but the basic effects remained.
When an interaction term with age was included, no evidence for interactions with age were observed (mean logBF10=-2.08, see Supplementary Figure B) , suggesting that the negative associations between sleep and cognitive performance are a constant feature across the lifespan, rather than specifically in elderly individuals. Together this suggests that poor sleep quality is modestly and consistently associated with poorer general cognitive performance across the lifespan, most strongly with semantic fluency. Next, we examine whether there is evidence for a relationship between poor sleep and poorer neural health. 
Neural Health
Next we examined the relationship between sleep quality and neural health. As described in the Methods, we focus on white matter health as indexed by fractional anisotropy. Using Diffusion Tensor Imaging, we estimated a general index of white matter integrity in 10 tracts [69] shown in Figure 6 , by taking the average Fractional Anisotropy in each white matter ROI. We use the data from a subsample of 641 individuals (age M=54.87, range 18.48-88.96) who were scanned in a 3T MRI scanner (for more details regarding the pipeline, sequence and processing steps, see [70] ). Regressing neural WM ROI's on sleep quality, we find several small effects, with the strongest associations between sleep efficiency and neural health (see Supplementary Figure C 
Physical health
Next we examined whether sleep quality is associated with physical health. Figure 8 shows the simple regressions between sleep quality and physical health. Strong associations were found between poor overall sleep (PSQI sumscore) and poor self-reported health, both in general (logBF10=77.51) and even more strongly for health in the past 12 months (logBF10=91.25). One This not only replicates previous findings but is in line with an increasing body of evidence that suggests that shorted sleep duration causes metabolic changes, which in turn increases the risk of both diabetes mellitus and obesity [18, 72, 73] . Next, we examined whether these effects were attenuated once age was included. We show that although the relationships are slightly weaker, the overall pattern remains (Supplementary Figure E) , suggesting these associations are not merely cooccurences across the lifespan. Our findings suggest self-reported sleep quality, especially sleep Duration, is related to differences in physical health outcomes in a healthy sample. 
Mental health
Finally, we examined the relationship between sleep quality and mental health, as measured by the Hospital Anxiety and Depression Scale [52] . One benefit of the HADS in this context is that, unlike some other definitions (e.g. the DSM-V), sleep quality is not an integral (scored) part of these dimensions. As shown in Figure 9 , there are very strong relationships between all aspects of sleep quality and measures of both anxiety and depression. The strongest predictors of Depression are Daytime Dysfunction (logBF10= 245.9, R^2=20.9%), followed by the overall sleep score (logBF10= 170.5, R^2=14.6%) and sleep quality (logBF10= 106.8, R^2=9.7%). The effects size for Anxiety was Next we examined a model with an interaction term (Supplementary Figure H) . Most prominently we found interactions with age in the relationship between HADS depression and the PSQI Total, and in the relationship between HADS depression and Sleep Duration, such that for the relationship between anxiety and overall sleep quality is stronger in younger adults (BF10 =9.91, see Figure 10 ).
Together our findings show that poor sleep quality is consistently, strongly and stably associated with poorer mental health across the adult lifespan. 
Discussion
In this study, we report on the associations between age-related differences in sleep quality and health outcomes in a large, age-heterogeneous sample of community dwelling adults of the Cambridge Neuroscience and Aging (Cam-CAN) cohort. We find that sleep quality generally decreases across the lifespan, most strongly for sleep Efficiency (the proportion of time spent in bed actually asleep). However, components such as 'Daytime Dysfunction' improve slightly across the lifespan, whereas 'sleep latency' does not change. As this pattern suggests that age-related changes in sleep patterns are complex and multifaceted, we used Latent Class Analysis to identify 'sleep types' associated with specific sleep quality profiles. We find evidence for four such sleep types, and show that the likelihood of belonging to certain sleep type varied across the lifespan. Younger adults . CC-BY 4.0 International license not peer-reviewed) is the author/funder. It is made available under a
The copyright holder for this preprint (which was . http://dx.doi.org/10.1101/060145 doi: bioRxiv preprint first posted online Jun. 22, 2016; are more likely than older adults to display a pattern of sleep problems characterised by poor sleep quality and longer sleep latency, whereas older adults are more likely to display inefficient sleeping, characterised by long periods spent in bed whilst not asleep. Moreover, the probability of being a 'good' sleeper, unaffected by any adverse sleep symptoms, decreases considerably after age fifty.
A key strength of our sample is the broad phenotypic assessment of healthy ageing across multiple health domains in a large cohort. This allows, contrary to most previous studies, for direct comparison of the different measures of sleep quality and four key health domains: cognitive, neural, physical and mental health. We find strongest associations between sleep quality and mental health, moderate relations between sleep quality and physical health and cognitive health and sleep, virtually all such that poorer sleep is associated with poorer health outcomes. We did not find evidence for associations between self-reported sleep and neural health. Notably, the relationships we observe are mostly stable across the lifespan, affecting younger and older individuals alike. A notable exception to these effects is the absence of any strong relation (after controlling for age) between sleep quality and neural health as indexed by tract-based average fractional anisotropy.
Using a Bayesian framework we are able to provide evidence in favour of the null hypothesis, suggesting that the adverse effects of poor sleep on brain structure found in more extreme clinical samples (e.g. insomnia, sleep apnoea) do not generalize to a non-clinical population for self-reported sleep. Notably, as we found strong relationships in the same sample between sleep and other outcomes (e.g. mental health, Figure 10 ) and there is previous evidence from this cohort linking white matter health and cognition, the absence of the relationship between poor sleep and neural health cannot be (fully) explained away by the possible noisiness of self-report measures. For this reason, our study provides a potentially reassuring message that for typically-ageing, healthy individuals, poorer self-reported sleep quality is not associated with poorer brain health.
While there are limitations of self-report measures including in older cohorts [16] , including the fact that they likely reflect different aspects of sleep health than actigraphy (sleep in the lab), our results suggest there are considerable advantages in using self-reported sleep measures: first, . CC-BY 4.0 International license not peer-reviewed) is the author/funder. It is made available under a The copyright holder for this preprint (which was . http://dx.doi.org/10.1101/060145 doi: bioRxiv preprint first posted online Jun. 22, 2016; 29 obtaining sleep quality data in a large and broadly phenotyped sample is feasible; and second, our results demonstrated clear and consistent associations across multiple domains for both subjective (e.g. self-reported health) and objective measures (e.g. memory tests, BMI), which both replicate and extend previous lab-based sleep findings. Future work should ideally simultaneously measure actigraphy and self-report in large scale cohorts to fully capture the range of overlapping and complementary relations between different aspects of sleep quality and health outcomes [16] . [76] . Although our findings are in keeping with previous findings, our cross-sectional sample cannot tease apart the causal direction of the observed associations, so more work remains to be done to disentangle these complex causal pathways.
In our paper we focus on a healthy, age-heterogeneous community dwelling sample. This allows us to study the associations between healthy aging and self-reported sleep quality, but comes with two key limitations of the interpretations of our findings. First and foremost, our findings are cross-sectional, not longitudinal. This means we can make inferences about age-related differences, but not necessarily age-related changes (Raz & Lindenberger, 2011; Schaie, 1994) . One reason why cross-sectional and longitudinal estimates may diverge is that older adults can be thought of as cohorts that differ from the younger adults in more ways than age alone. For example, our age range includes individuals born in the twenties and thirties of the 20th century. Compared to someone born in the 21 st century, these individuals will likely have experience various differences during early life development (e.g. less broadly accessible education, lower quality of healthcare, poorer . CC-BY 4.0 International license not peer-reviewed) is the author/funder. It is made available under a The copyright holder for this preprint (which was . http://dx.doi.org/10.1101/060145 doi: bioRxiv preprint first posted online Jun. 22, 2016; nutrition and similar patterns). For some of our measures, these are inherent limitationsNeuroimaging technology means that of truly longitudinal study of aging is inherently impossible. This means our findings likely reflect a combination of effects attributable to age-related changes as well as baseline differences between subpopulations that may affect both mean differences as well as developmental trajectories. Second, our sample reflects an atypical population in the sense that they are willing and able to visit the laboratory on multiple occasions for testing sessions. This subsample is likely a more healthy subset of the full population, which will mean the range of (poor) sleep quality as well as (poorer) health outcomes will likely be less extreme that in the full population. However, this challenge is not specific to our sample. In fact, as the Cam-CAN cohort was developed using stratified sampling based on primary healthcare providers, our sample is likely as population-representative as is feasible for a cohort of this magnitude and phenotypic breadth (see [10] for further details).
Nonetheless, a healthier subsample may lead to restriction of range [79] , i.e. an attenuation of the strength of the associations observed between sleep quality and health outcomes. Practically, this means that our results likely generalise to comparable, healthy community dwelling adults, but not necessarily to populations that include those affected by either clinical sleep deprivation or other serious health conditions.
Conclusions
Taken together, our study allows several conclusions. First, although we replicate the agerelated deterioration in some aspects of sleep quality, other aspects remain stable or even improve.
Second, we show that the profile of sleep quality changes across the lifespan. This is important methodologically, as it suggests (PSQI) sum scores do not capture the full picture, especially in ageheterogeneous samples. Moreover, it is important from a psychological standpoint: We show that 'sleep quality' is a multidimensional construct and should be treated as such if we wish to understand the complex effects and consequences of sleep quality across the lifespan. Third, 31 moderate to strong relations exist between sleep quality and cognitive, physical and mental health, and these relations largely remain stable across the lifespan. In contrast, we show evidence that in non-clinical populations, poorer self-reported sleep is not associated with poorer neural health.
Together with previous experimental and longitudinal evidence, our findings suggest that at least some age-related decreases in health outcomes may be due to poorer sleep quality. We show that self-reported sleep quality can be an important indicator of other aspects of healthy functioning throughout the lifespan, especially for mental and general physical health. Our findings suggest accurate understanding of sleep quality is essential in understanding and supporting healthy aging across the lifespan.
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